The most important cause of hypoglycaemia in the presence of high insulin and C-peptide concentrations is insulinoma. However, a similar picture arises from use of sulphonylureas, which is sometimes covert. All specimens received in two years by a supraregional assay service laboratory from adults with low glucose and inappropriately high insulin and C-peptide concentrations were tested for sulphonylureas by a radioimmunoassay that employed antibodies to glibenclamide. In sulphonylurea-positive cases a questionnaire was sent to the consultant responsible for the patient, to elicit further information.
INTRODUCTION
Hypoglycaemia is a well-known adverse effect of sulphonylureas, but little is known about its true incidence 1 . Most of the reported studies were done on non-insulin-dependent diabetic patients taking sulphonylureas 2, 3 . There are three main reasons why the incidence of sulphonylurea-induced hypoglycaemia is not known. First, no screening method for sulphonylureas has been available for use in patients with inappropriately high serum insulin and C-peptide concentrations, for which the two other important causes are insulinoma and autoimmune insulin syndrome 4 . Secondly, insulinomas are often small tumours and the lack of sensitivity and specificity in current imaging techniques makes them difficult to diagnose and locate 5 ; a distal partial pancreatectomy is sometimes performed if the tumour cannot be found at operation 6 . Thirdly, the rarity of inappropriately raised serum insulin and C-peptide in the presence of hypoglycaemia makes the role of sulphonylureas difficult to assess 7 .
We developed a direct radioimmunoassay for sulphonylureas and used it to screen for hypoglycaemia of this causation. The Supraregional Assay Service (SAS) Laboratory for Peptide Hormones in Guildford, UK, has taken a special interest in hypoglycaemia, and the large number of cases referred enabled us to reassess the contribution made by sulphonylurea-induced hypoglycaemia, following a preliminary report 8 .
METHODS

Materials
Glibenclamide, product code G0639, purchased from Sigma-Aldrich Co Ltd (UK), was used as standard material. Chlorpropamide, tolazamide and tolbutamide were purchased from Sigma-Aldrich Co Ltd, UK. The other drugs were gifts: glibornuride from Roche Products Ltd (Welwyn Garden City, UK); gliclazide from Servier Laboratories Ltd (Slough, UK); glimepiride from Hoechst Marion Roussel (Frankfurt, Germany), glipizide from Pfizer (Sandwich, UK), gliquidone from Sanofi Winthrop (Newcastle upon Tyne, UK), and sulphamethoxazole from GlaxoWellcome UK (Uxbridge, UK). The sheep anti-glibenclamide antibody was a gift from Dr S Hampton, University of Surrey (Guildford, UK). The Sac-Cel solid phase second antibody, donkey anti-sheep antibody coated cellulose suspension (DAS SacCel), product number A-SAC2, was purchased from IDS Ltd (UK). The tracer, [ 125 I]glibenclamide, product number IM270, was purchased from Amersham, UK. All other chemicals and materials were purchased from standard commercial sources.
Assay protocol
Assay buffer (phosphate buffer 50 mmol/L, pH 7.4, 0.1% sodium azide, 0.1% bovine serum albumin) was used to prepare working dilutions of tracer, antiserum and standards. Each vial of the tracer [ 125 I]glibenclamide (100 mCi/mL with specific activity approximately 3.51 Ci/mg) was diluted in 5 mL methanol to give a stock solution which was kept at 48C. The radioimmunoassay (RIA) was done in polystyrene tubes (64Â11 mm).
Duplicates of standard and sample tubes were set up by adding 100 mL 8-anilino-1-naphthalenesulphonic acid, ammonium salt (4 mg/mL in distilled water), 200 mL antiglibenclamide antiserum (1 in 10 000 dilution) and 200 mL tracer (1 in 20 dilution of stock methanol tracer to give 14 pg/mL) to 20 mL glibenclamide standard (over the range 0-128 mg/L), control, or unknown sample. The tubes were vortex mixed and incubated overnight at 48C. 200 mL tracer was pipetted into two tubes and stoppered for total counts.
To all tubes, except for the total counts, was added 100 mL DAS SacCel. All tubes were vortex mixed and were allowed to stand at room temperature for 30 min. Distilled water (1 mL) was added to all tubes except for the total tubes. The tubes were centrifuged immediately at 3000 rpm for 15 min at 48C.
After centrifugation, the supernatant from each tube was aspirated and the pellet counted for 1 min in a LKB Wallac 1260 multigamma counter. The radioactivity of the pellet was expressed as counts per minute. A standard curve of radioactivity was plotted against log sulphonylurea concentration. Sulphonylurea concentrations of the unknown samples were derived from the standard curve.
Assay characteristics
The sensitivity of the assay was assessed by use of replicate zero standards (n=20) prepared in assay buffer. The mean count of the zero standard and the standard deviation were calculated and the sensitivity of the assay, defined as the sulphonylurea concentration equivalent to three times the intra-assay standard deviation at zero concentration, was calculated as 0.5 mg/L.
The imprecision of the assay was assessed by the coefficients of variation derived from serum samples analysed in several assays. Three serum pools spiked with glibenclamide standard to different concentrations were analysed in twenty assays. The between-batch imprecision (n=20) was 19.7% at 10.5 mg/L, 13.9% at 54.2 mg/L and 14.7% at 106.1 mg/L.
The specificity of the method was assessed by measuring apparent response caused by other commonly used sulphonylureas and sulphonamides. Increasing concentrations of chlorpropamide, glibornuride, tolbutamide, gliquidone, glimepiride, tolazamide, gliclazide, glipizide and sulphamethoxazole were prepared from stock solutions of 1 mg/mL in methanol. The concentration of each compound required to induce a 50% decrease in tracer binding (displacement dose, DD 50 ) was measured and its cross-reactivity was calculated by comparison with the DD 50 for glibenclamide. The response to each compound is listed in Table 1 .
Referred cases
Over two years all specimens from adults received by the Guildford SAS Hormone Laboratory with confirmed hypoglycaemia (53.0 mmol/L) were analysed for insulin and Cpeptide. Insulin was measured by an established in-house double-antibody competitive RIA 9 ; the antibodies crossreacted 100% with insulin and proinsulin. C-peptide was measured by a competitive RIA kit obtained from Guildhay Limited (Guildford, UK).
Screening for sulphonylurea was performed on all specimens with inappropriately raised (i.e. measurable) insulin and C-peptide concentrations. A positive result was registered for concentration 50.5 mg/L. Proinsulin concentration was measured in all samples by an established in-house double-antibody competitive RIA 10 .
For the sulphonylurea-positive cases, a questionnaire asking for further details on case history, differential diagnosis at the time of investigation and final diagnosis was sent with ethical approval to the initiating laboratory or, if known, to the consultant looking after the patient at the time of investigation. laboratory. On screening for sulphonylureas, 34 (37%) were found to be positive. Figure 1 shows the ages of the patients with complete details who had hyperinsulinaemic hypoglycaemia, divided into positive or negative for sulphonylureas. The incidence of sulphonylurea-induced hypoglycaemia became higher with age, 32% of patients being over the age of 80 years (the median age of patients with sulphonylurea-negative hypoglycaemia was 55 years).
Completed questionnaires were returned by 31 (91%) consultants, and 20 of these said that the role of a sulphonylurea had not been suspected.
12 of the 31 patients were known to have non-insulindependent diabetes (NIDDM). In 11 of these 12 the patient was hypoglycaemic when the blood sample was taken and it was established that, at that time, they were taking glibenclamide (5), gliclazide (3), tolbutamide (1) or glipizide (1) on prescription; in one the therapy was unknown. Sulphonylurea assay results showed a wide range of concentrations (10-371 mg/L) with no apparent correlation with drug type.
Of the 19 patients who did not have diabetes 6 were elderly and 3 were mentally ill (details in Table 2 ). In 3 of the elderly patients the source and type of sulphonylurea was identified. In the other 3, who were in nursing homes, the probable explanation was drug dispensing error.
3 mentally ill patients were living in residential homes. 2 of these, from a single institution, were admitted to casualty with profound hypoglycaemia within a month of each other. One had taken glibenclamide tablets that belonged to another patient and was left in a permanent vegetative state after prolonged coma.
In the 10 remaining cases clinical evidence raised the possibility of factitious drug ingestion. The case histories are summarized in Table 3 .
Proinsulin concentrations varied over a wide range in both sulphonylurea-positive (5-234 pmol/L) and negative (54-320 pmol/L) groups. Proinsulin expressed as a percentage of total immunoreactive insulin ranged from 5% to 82% in the sulphonylurea-positive cases and from 54% to 133% in the sulphonylurea-negative (undiagnosed) cases. These data compare with a percentage range of 2-128% in 40 cases of histologically confirmed insulinoma. In none of these were sulphonylureas detectable (unpublished).
DISCUSSION
The RIA reported here is sensitive and rapid, and can measure concentrations as low as 0.5 mg/L without extraction or other separative procedures. The small sample volume requirement enables a full work-up for the investigation of spontaneous hypoglycaemia to be done on a single specimen-an important consideration in paediatric and forensic cases. sulphonylureas are usually prescribed in much higher doses than glibenclamide and cases in which most of these drugs were proved subsequently to have been ingested (for the treatment of diabetes) have produced reference data against which positive results from factitious cases may be compared and their reliability assured. The data from sulphonylurea-positive cases emphasize the importance of the screening aspect of the assay rather than the quantitative measurement. The absolute verification of drug concentration and identity requires chromatographic methods that are beyond the scope of the present study.
The frequency of positive cases, as a proportion of those referred for biochemical investigation, is based on the analytical outcome. The actual clinical incidence of hypoglycaemia induced by sulphonylureas may therefore be underestimated. Various audits of hospital admissions 3, 11 have reported that up to 6% of diabetic patients may be admitted with severe hypoglycaemia, as many as one-third are being treated with sulphonylureas, a finding remarkably similar to that in the present survey.
Of the 19 patients who were sulphonylurea-positive despite not having diabetes, 7 were older than 80 years, in agreement with the findings of other workers 12, 13 . This is a group in which impaired cardiac, hepatic or renal function may increase sensitivity to these drugs 14, 15 . In general, however, the patients were young, as noted elsewhere 16 , some with a history of working in healthcare or having relatives taking sulphonylureas for diabetes. Ingestion of sulphonylureas through dispensing errors has been well documented, often the result of poor handwriting on prescriptions 12, [16] [17] [18] [19] , and some of the patients in this study may come into this category. Accidental ingestion of sulphonylureas has also been described 12 -perhaps because of confusion when a member of family or a friend is diabetic 20, 21 , or the unsuspecting use of a sulphonylurea as an adjunct to Chinese herbal therapy for fatigue 16 .
The details received on the cases involving mentally ill patients were generally insufficient to indicate whether sulphonylurea-induced hypoglycaemia had resulted from inadvertent ingestion, dispensing error, or deliberate administration by self or another. A common feature of psychiatric patients who abuse sulphonylureas is their willingness to undergo invasive procedures, including laparotomy 5, 16 and even resection of the pancreas 20 .
The proinsulin data are at variance with previous work by Marks 22 , who reported that proinsulin concentrations were higher in insulinomas than in sulphonylurea-induced hypoglycaemia. A proinsulin concentration of greater than 20 pmol/L was recommended as strong presumptive evidence of insulinoma 4 80-90% of patients with hyperinsulinism and considered proinsulin below 22% of total immunoreactive insulin as normal 23 . We have found proinsulin concentrations of greater than 20 pmol/L and more than 22% of total immunoreactive insulin poor discriminators. For these reasons routine screening for sulphonylureas in all samples with inappropriately raised plasma insulin and C-peptide concentrations has become an essential part of the investigation of spontaneous hypoglycaemia.
